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A B S T R A C T

The study determines the extent to which ration selection can reduce GHG emissions in intensive dairy
production systems. Replacing corn silage with alfalfa hay as the primary roughage component of dairy
rations can lead to significant declines in GHG emissions from milk production in Ontario. Due to the
higher soil organic matter of perennial forages, this change leads to the capture and storage of C in farm
soils. Furthermore, alfalfa production requires less farm fieldwork and chemical inputs than corn which
leads to a decline in emissions from energy consumption. The results suggest that feeding decisions have
important implications for GHG emissions from intensive dairy production due to the wide variation in
emissions for alternative crops that can be used in the ration. This is a notable finding, as much of the
work on cost effective GHG mitigation in the dairy sector focuses on how this decision impacts enteric
CH4. While our model estimates a decline in enteric CH4 resulting from the change in rations, this decline
makes up only a small fraction of the total emission reductions. The ration decisions that lead to initial
reductions in GHGs involve a small reduction in net farm returns but reductions beyond 5% impose a
marginal abatement cost of about $550 Mg-1 CO2eq. Thus, reducing emissions by this amount through
a carbon tax or market would not occur under current C prices suggesting that while intensive dairy pro-
duction systems could contribute to policy efforts to reduce GHG emissions largely through cropping
decisions, there may be more cost effective mitigation potential in other sectors.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Growing evidence of the link between greenhouse gas (GHG)
emissions and climate change is leading to efforts to determine cost
effective strategies for mitigating GHGs. Globally, GHG emissions
related to agricultural production are estimated at 15–25% of total
anthropogenic GHGs (Tubiello et al., 2015; Vermeulen et al., 2012).
Furthermore, global emissions of the two primary agricultural GHGs,
methane (CH4) and nitrous oxide (N2O), are expected to rise by 35–
60% by the year 2030 in response to rising demand for ruminant
meat and dairy products (IPCC, 2007). Global GHG emissions from
dairy production alone are estimated at about 5% of the total (FAO,
2010). As part of its national GHG reduction program, the Canadi-
an government seeks to identify farm management practices that
allow for agricultural GHG emissions to be reduced at low cost (AAFC,
2013b). Direct emissions from agricultural production in Canada are
estimated at about 10% of the country’s total (Environment Canada,
2013), and in the province of Ontario, the dairy sector makes up

approximately one quarter of primary agricultural GHG emissions
(Jayasundara and Wagner-Riddle, 2014; ECO, 2010). There is a need
to identify the means by which GHG emissions from intensive dairy
production systems such as Ontario can be reduced at low cost.

There exists significant literature on cost effective GHG mitiga-
tion strategies from pastoral dairy production systems. Using a whole
farm mechanistic model, Beukes et al. (2010, 2011) find that im-
provements in both economic and environmental variables are
possible on pastoral New Zealand dairy farms through a combina-
tion of strategies including diet modification, optimizing nutrient
management, and reducing the stocking rate. In another study of
pastoral New Zealand dairy farms, Adler et al. (2013) developed a
detailed, non-linear optimization model rather than a simulation
approach and found that reducing nitrogen fertilizer application was
the most cost-effective means of reducing GHG levels by the target
of 10%, followed by stocking density changes, with total produc-
tion costs increasing by approximately the same percentage
depending on the farm type. Doole (2014) assesses least cost GHG
mitigation methods on a variety of New Zealand dairy farms and
finds reducing stocking rate, decreasing nitrogen fertilizer appli-
cation, reducing supplement use, and improving reproductive
performance all to be among the cost effective methods that reduce
GHG emissions. In contrast to pastoral systems, dairy production
systems in temperate climate regions such as North America and
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northern/western Europe involve animals being housed in partial
or complete confinement year round, and receiving total mixed
rations that tend to be comprised of relatively higher concentrate/
supplement levels. These differences in production characteristics,
and in particular the high levels of required inputs received off farm,
imply that the cost effective systems to reduce GHG emissions will
also differ.

Fewer studies exist on GHG mitigation in intensive dairy pro-
duction systems such as in North America or northern/western
Europe. Moraes et al. (2011) assess how rations can be chosen to
reduce enteric methane emissions on US dairy farms, and find that
a 5% reduction in enteric methane was achieved with a 5% in-
crease in diet costs but a 13.5% reduction GHG emissions required
a ration that was 48.5% more expensive than the base formula-
tion. Since grains have approximately 3.5 greater GHG emissions
per unit mass relative to forages (Adom et al. (2012), rations that
lead to declines in enteric fermentation may result in increased emis-
sions from feed production. Dutreuil et al. (2014) find that total GHG
emissions from conventional US dairy farms were reduced by 27.6%,
while both maintaining milk production and increasing net return
to management by 29.3%, when cows were allowed to graze for part
of the year. Although not possible for many intensive dairy-
farming systems, the grazing can affect GHG emissions through land
use and ration decisions. A shortcoming of Van Middelaar (2014)
and the DAIRYDYN model (Britz et al., 2014) that take a life cycle
approach to modelling GHG mitigation in the intensive dairy pro-
duction systems in northern Europe, is that they do not account for
the impact of feeding decisions on carbon (C) emissions or remov-
als arising from changes in land use. Schmidinger and Stehfest (2012)
note that the implications of land use change arising from live-
stock feeding decisions can be equal in magnitude to other GHG
emission sources from these systems. An exception is Vellinga and
Hoving (2011) who apply DAIRY WISE and Introductory Carbon
Balance Models (ICBM) to the northern European dairy sector. They
report that the loss of soil C from ploughing grassland for maize
silage outweighs the declines in enteric methane production achieved
from shifting to a higher digestible diet. This finding implies that
the impact of feeding decisions on soil C stores from changing land
uses should be accounted for in determining preferred abatement
strategies within dairy production systems in addition to ration
choices. The purpose of this study is to identify the manner in which
the management practices related to feeding, namely the formu-
lation of the ration, and the associated land allocation decisions, can
contribute to reductions in GHG emissions in intensive dairy pro-
duction systems.

2. Methods

A bioeconomic model is developed to determine the ration
choices and associated crop production decisions that maximize net
returns to an intensive dairy farming system subject to GHG emis-
sion restrictions. These systems are characterized as confinement
feeding operations where animals are housed in barns year round,
and receive a high intake of nutrient dense concentrates or supple-
ments. Expenses related to supplying feed represent approximately
70% of total costs for such dairy farmers in the province of Ontario
(DFO, 2012). Feed selection also influences the major emission cat-
egories from livestock production, namely enteric fermentation,
manure, and agricultural soils.

In order to elucidate the cost effectiveness of feeding decisions
as a mitigation strategy, we use an optimization model to deter-
mine how specific GHG targets can be reached while keeping farm
profitability as high as possible. The framework for the model is il-
lustrated in Fig. 1. Developed in GAMS (General Algebraic Modelling
System) (Brooke et al., 2008), the one-year, static model is param-
eterized to represent a typical commercial dairy-crop farm in

southwestern Ontario. Characteristics of this farm, such as herd size
and productivity, are described in detail in the following section.
The farm takes as given exogenous drivers such as the regulatory
framework (milk is produced under a supply management regime
in Canada), and agro-ecological conditions. The objective is to maxi-
mize farm returns, by choosing the formulation of the ration, and
associated farmland allocation and feed purchases. Details on how
feeds are selected to meet the required nutrient intakes of the
animals are given in Section 2.2.

In addition to selecting the ration and land allocation decisions
to maximize returns, the model also estimates the GHG levels gen-
erated by the resulting farming system. Details on the method for
determining emissions minus sequestration for all major pro-
cesses related to milk production, both on farm and upstream, are
described in Section 2.3. GHG emissions/sinks are measured from
enteric fermentation, manure, agricultural soils, land use change,
and energy consumption. Each of the above emission categories is
in some way influenced by the choice of feed on the farm; live-
stock emissions are directly influenced by the nutrient properties
of the ration, while emissions related to feed production are de-
pendent on land allocation and feed purchases, which are themselves
dependent on the feeds that are chosen for the ration (see Fig. 2).
The model estimates emissions from each of these sources endog-
enously based on the feeding management decisions. By summing
each emissions category, we obtain an estimate of annual net CO2eq
emissions per unit of fat and protein corrected milk (FPCM).

Fig. 1. Analytical framework.
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The model is initially run without any restrictions on GHG emis-
sions. The resulting profit-maximizing set of ration and land
allocation decisions is compared with typical practices as a means
of validation. Restrictions on the estimated GHG emissions are then
imposed forcing the model to select the ration choices that meet
the GHG targets at least cost. The results in Section 3 discuss the
cost-effective farm practices that meet alternative GHG restric-
tions and the reduction in farm returns associated with the
abatement activities.

2.1. Model description

The model simulates the production processes of a representa-
tive, large, commercial dairy-crop farm based in southwestern
Ontario. It is assumed that feeds and other inputs are purchased
locally at market prices. The assumed number of animals in the herd
was 150 in three equal cohorts: (1) heifers, (2) first parity lactat-
ing cows, and (3) second parity lactating cows. This herd size
corresponds closely to the average herd size in Ontario of about 146
head (Jayasundara and Wagner-Riddle, 2014). The heifer category
represents young (<1 year), and old (>1 year) heifers with an average
weight for both assumed to be 480 kg and growth rates based on
NRC (2001). Both cow cohorts weigh 650 kg each with first parity
cows yielding 75 hectolitres (hL) annually and second parity cows
yielding 87 hL of milk over the year, which both correspond closely
to the Ontario average yield (CanWest DHI, 2012). The price re-
ceived per hL of milk produced is assumed to be the 2013 provincial
weighted average of $73.5 (CAD) (DFO, 2013). The cows are milked
in a parlour and housed in a free-stall barn with liquid/slurry manure
stored in an above ground open pit, which are characteristic of larger,
commercial dairy operations in Ontario (CDIC, 2012; Sheppard et al.,
2011).

The farm is assumed to grow corn silage, soybeans, wheat, and
alfalfa hay on 150 ha of land, which corresponds closely to the
average land area for Ontario dairy farms of 152 ha (DFO, 2012).
Yields are the 5-year (2009–2013) averages for Ontario: 41.94 Mg ha−1

for corn (sd = 3.57), 3.06 Mg ha−1 for soybeans (sd = 0.05), 5.19 Mg ha−1

for wheat (sd = 0.17) and 5.52 Mg ha−1 for alfalfa (sd = 0.45) (OMAF,

2014b). The prices for crops are also chosen to represent the 5-year
(2009–2013) Ontario averages: $50 Mg−1 for corn silage (sd = 6.3),
$435 Mg−1 for soybeans (sd = 27.2), and $205 Mg−1 for wheat
(sd = 30.3). Alfalfa hay is used exclusively within the dairy opera-
tion as feed. Corn silage can either be sold or be fed to the herd.
We assume that the moisture content of corn silage is 65%, which
is the suggested harvest moisture content in Ontario (OMAFRA,
2014). A 6-year crop rotation is assumed, and the proportion of total
land allocated to each crop can vary subject to specific upper and
lower limits in relation to the total amount of land. These values
are set to simulate a typical crop rotation. The lower limits are 10%
of total land area allocated to production of roughage (both corn
silage and alfalfa), and 10% of land allocated to each of soybeans
and wheat. The upper limits are 80% of total land area for each crop.
The amount of land allocated to each crop grown is based on the
ration choices along with relative returns from the other cropping
choices.

Costs are divided into two categories: those related directly to
dairy production and those related directly to crop production. The
cost to produce 1 hL of milk is assumed to be associated with feeding,
which is determined endogenously within the model and de-
scribed further below, plus all other expenses. The non-feed related
expense is derived from the Ontario Dairy Farm Accounting Project
(ODFAP) (DFO, 2012). The average cost per hL of milk produced for
all dairy farms in ODFAP in 2012 was $23.35 with average feed costs
of $9.97 hL−1. Thus, non-feed related dairy expense is estimated to
be $13.38 hL−1.

Crop production costs are based on OMAF (2014a) and divided
into costs of purchasing and applying fertilizer and all other crop
production costs. Fertilizer expenses are calculated separately
because fertilizer purchases are determined endogenously within
the model. Nutrient requirements can be met from either organic
or inorganic fertilizer but manure is applied first and then addi-
tional inorganic fertilizer purchased to meet any deficit. The amount
of manure generated by the dairy herd depends on the ration se-
lected. Total N, P, and K per hectare must match the crop’s
requirements for the assumed yields. The N, P, and K require-
ments in kg ha−1 are 140, 20 and 50 for corn, 0, 20 and 40 for
soybeans, 100, 20 and 40 for winter wheat, and 0, 40 and 30 for
alfalfa (OMAF, 2014a). Total costs related to fertilizer are calcu-
lated as the sum of each type of fertilizer purchased multiplied by
its respective price along with application cost. The cost for fertil-
izer, which includes both the price and application cost, is therefore
$1.65, $2.54, and $1.57 kg−1 for N, P, and K respectively (OFIMP, 2012;
Wilson, 2014).

2.2. Ration formulation

The ration formulation, and associated feed purchases and land
allocation decisions, is the sole endogenous factor determining farm
returns and GHGs within our model (see Figs. 1 and 2). The feed
ingredients available for selection are listed in Table 1 along with
their respective prices, nutritional properties, upper dietary limits,
and emission coefficients. The prices are province wide average prices
for 2014. The emission coefficients provide an estimate of GHG emis-
sions associated with production of the feed (further described in
Section 2.3.6).

Energy supplied to the animal at level of intake is calculated on
a NEL (net energy for lactation) basis for lactating cows, and a ME
(metabolizable energy) basis for heifers, based on the NRC (2001)
model. These values represent the actual energy ingested by the
animal, as a fraction of gross energy intake. In both cases, the amount
of energy required depends on the digestibility of the ration, as given
by the ration’s TDN (total digestible nutrients), which is an esti-
mate of the fraction of total calories in the feed that are digested
by the animal (see Appendix, Section A1). We assume cows require

Fig. 2. Overview of feeding decisions’ impacts on life cycle greenhouse gas emissions.
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energy solely for maintenance (NEM) and milk production (NEP); re-
quirements for pregnancy are ignored, as are any intra-year
variations. Heifers’ required energy intake is the sum of require-
ments for maintenance (NEM) and growth (NEG). This results in
required daily energy intakes of 37.5 Mcal for first parity cows,
41.2 Mcal for second parity cows, and 22.5 Mcal for heifers (see Ap-
pendix, Section A2 for details).

Constraints on intakes of crude protein (CP), acid detergent fibre
(ADF), neutral detergent fibre (NDF), total roughage intake (and hence
total concentrate intake), total lipid intake, and the minerals calcium
(Ca) and phosphorous (P) are imposed within the model. We assume
that these dietary factors are the major factors affecting produc-
tivity and metabolic health of the animal. The nutrient constraints
were determined through discussion with expert opinion (France,
2014; Wright, 2014), and are based on the NRC (2001) system, as
well as the procedure outlined in Moraes et al. (2011). The lower
and upper bounds on CP intake are 0.05 and 0.20 respectively.
Minimum ADF and NDF intakes are 0.17 and 0.25 with upper bounds
of 0.27 and 0.35 for ADF and NDF respectively. Constraints on total
roughage intake are set in order to prevent diets of too high or low
digestibility being fed (Moraes et al., 2011). For cows, the lower and
upper values are 0.50 and 0.60. For heifers, the lower and upper
values are 0.50 and 0.80 of DMI. NDF from forage is also set to a
minimum of 0.20 (Moraes et al., 2011). The lower limits of Ca and
P intake are set at 0.3% of DMI based on NRC (2001).

2.3. Greenhouse gas accounting

The GHG accounting system takes into account all significant
sources of GHG emissions (and sinks) involved in milk production
up to the farm gate. The following section describes the proce-
dures used to estimate GHG levels from the following six sources:
(1) CH4 emissions from enteric fermentation (EF), (2) CH4 and N2O
emissions from manure in the open pit storage system, (3) N2O emis-
sions from land used to grow feed crops on the farm, (4) CO2

sequestered/emitted from land use changes, (5) CO2 emissions related
to direct energy consumption and with the manufacture of up-
stream products used for crop production, and (6) CO2 emissions
associated with the production of purchased feed. Our model pro-
vides an estimate of each of the above emissions category, as it is
influenced by the farm management decisions pertaining to feed.
After correcting for global warming potential, they are added to-
gether (total emissions minus sequestration), to provide an estimate
of the emissions intensity of milk production, expressed as
kg CO2eq kg−1 FPCM. We assume global warming potentials of

25 kg CO2eq kg−1 CH4 and 298 kg CO2eq kg−1 N2O for CH4 and N2O
respectively (IPCC, 2007).

2.3.1. Enteric fermentation
The properties of the diet are a major factor influencing enteric

methane production. Benchaar et al. (2001) estimate that enteric
methane can be reduced by up to 40% by changing the composi-
tion of the diet. In order to account for the impact of the nutrient
properties of the ration on EF, we adopt an empirical equation from
Ellis et al. (2007), given its relative performance among alterna-
tives as compared by Escobar et al. (2013). This equation estimates
CH4 emissions (MJ) per head as a function of the animal’s diet:

CH DMI ADF NDF4 2 16 0 493 1 36 1 97= + × − × + ×. . . . (1)

where DMI, ADF, and NDF are expressed as intake per animal per
day (kg hd−1 day−1).

The estimated CH4 (MJ hd−1 day−1) emissions are converted from
MJ to kg of CH4 using a conversion factor of 55.58 MJ kg−1 CH4

−1 (EPA,
2014). Emissions from animals in all three cohorts are summed up
and converted to annual farm CH4 emissions from enteric
fermentation.

2.3.2. Manure
While the manure management system (both collection and

storage) is assumed fixed in our model, the dietary properties of
the ration, namely protein intake and digestibility, both deter-
mine N excretion and volatile solids in manure. In particular, low
digestible diets (i.e. diets with low TDN) result in higher levels of
volatile solids in manure. High dietary N intake (determined by intake
of crude protein) results in higher N in manure, which then leads
to greater amounts of N volatilization from the manure storage
system. To estimate annual CH4 emissions from manure in the above
ground, open pit storage, mechanistic equations from IPCC (2006)
are used. The first step calculates volatile solids (VS) in kg hd−1 day−1

in the manure using the following equation:

VS GEI TDN GEI Ash= × −( )( ) + × × −( )( )1 100 0 04 1 100 18 45. . (2)

TDN and ash all depend on the properties of the ration. TDN (%)
is calculated as described in Section 2.2 above while ash content
of the ration (Ash) is in percentage terms (%) and is calculated as
the sum of ash content of each individual feed divided by the level
of intake. Ash content of each individual feed is obtained from NRC
(2001). Gross energy intake (GEI) is in MJ and is calculated based
on the digestibility of the ration (see Appendix, Section A3).

Table 1
Feed nutrient properties, prices, dietary limits, and emission coefficients.

Feed NRC entry # Pricea ($ kg−1) TDN (%) Crude protein
(kg kg DMI−1)

ADF
(kg kg DMI−1)

NDF
(kg kg DMI−1)

Upper limit
(kg kg DMI−1)

GHGsb

(kg CO2eq Mg−1)

Alfalfa hay (immature) 78 0.116 0.621 0.228 0.312 0.396 1.00 –
Canola meal 19 0.420 0.699 0.378 0.205 0.298 0.10 548c

Corn DDGS 23 0.282 0.795 0.297 0.197 0.388 0.20 910
Corn gluten meal 25 0.594 .844 0.65 0.082 0.111 0.15 390
Corn grain (cracked) 26 0.250 0.85 0.094 0.034 0.095 1.00 390
Corn silage 35 0.014 0.688 0.088 0.280 0.450 1.00 –
Gluten feed 24 0.218 0.741 0.238 0.121 0.355 0.15 390
Grain oats 90 0.322 0.785 0.132 0.146 0.3 0.20 850
Grain wheat 116 0.292 0.866 0.142 0.044 0.134 0.2 430
Soybean meal (expellers) 104 0.526 0.885 0.463 0.104 0.217 0.15 460
Soybean meal (solvent) 107 0.526 0.814 0.538 0.062 0.098 0.15 460
Vegetable oil 44 0.050 1.841 0 0 0 0.06 460

Sources: All nutrient properties are obtained from NRC (2001). The NRC Entry # refers to the number assigned to each feed from table 15 of NRC (2001).
a Prices for corn grain are obtained from OMAF (2014b). All other prices are obtained from AAFC (2013a).
b Adom et al. (2012).
c Government of Manitoba (2014).
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CH4 emissions in kg hd−1 day−1 are estimated through the fol-
lowing:

CH VS Bo MCF4 0 67= × × × . (3)

where BO is the IPCC (2006) default value for methane producing
capacity of 0.24 m3 CH4 kg−1 VS, and MCF is the methane conver-
sion factor. We obtain a value for MCF that is specific to manure
storage systems in the province of Ontario. It takes a value of 0.18
on the basis that the average MCF for Ontario liquid manure systems
without a natural crust cover is 0.3 (Little et al., 2008) and reduc-
ing it by 40% since our assumed storage has a crust cover (IPCC,
2006). The resulting value per head is converted to annual manure
CH4 emissions.

Annual N2O emissions from stored manure are also estimated
through mechanistic equations from IPCC (2006). First, dietary
protein intake (PI) from the ration is estimated through the follow-
ing:

PI GEI DMI= ×( ) ×− −1 118 45. (4)

The N content of manure in kg hd−1 day−1 is obtained by sub-
tracting protein retained for gain (PRG) and protein retained for
lactation (PRL) according to the following equation:

Nitrogen Excretion PI PR PRL G= − −6 25 6 38 6 25. . . (5)

PRL and PRG (kg hd−1 day−1) are based on the animal’s protein re-
quirements for lactation and growth (see Appendix, Section A4). The
direct and indirect N2O (kg hd−1 day−1) emissions from stored manure
are then calculated as follows:

N O Nitrogen Excretion EFdirect FRACvol EFvol2 = × + ×( ) (6)

where Nitrogen Excretion is given by Equation (5). The emission
factors (EFdirect, EFvol) and fraction of N that is volatilized (FRACvol)
take IPCC (2006) default values of 0.005, 0.01, and 0.40 respective-
ly (IPCC, 2006). Annual N2O emitted (kg) from all manure produced
by the herd are equal to the sum of daily emissions from each animal
and converted to annual units.

2.3.3. Soil nitrous oxide
Our model assumes practices related to crop production (on a

per hectare basis), including nutrient application levels, and tillage,
remain constant. However, changing the amount of land allocated
to each crop can influence total N2O emitted from soils involved in
feed production. Annual N2O emissions per hectare of land for each
type of crop grown on farm, assuming conventional management
practices in the province of Ontario (see Section 2.1), are based on
estimates provided by Little et al. (2008). These values are 4.08 kg
N2O ha−1 year−1 for corn, 0.343 kg N2O ha−1 year−1 for soybeans,
2.126 kg N2O ha−1 year−1 for wheat, and 0.31 kg N2O ha−1 year−1 for
alfalfa. We add soil N2O emissions from all land on the farm used
for feed production, to come up with an estimate of annual N2O
emissions from farm soils. Note that this does not include emis-
sions associated with producing feeds produced off-farm, which is
described in Section 2.3.6.

2.3.4. Carbon from land use change
Changing the mixture of feeds in rations influences the rela-

tive allocation of land to different land uses required for feed
production. Perennial crops have higher equilibrium C storage levels
than do annuals (Conant et al., 2001; Guo and Gifford, 2002). There-
fore a change in land allocation between annuals and perennials
will result in differences in steady state C storage levels in soils. Since
our model is a one year static model, we only account for the im-
mediate impact of this land use change on C fluxes into and out of

soils (i.e. for the first year of the change in land use). The perenni-
al crop accounted for in our model is alfalfa. Increasing (decreasing)
the quantity of land allocated to this crop will therefore result in
carbon being sequestered (emitted) from farm soils. The follow-
ing mechanistic equation from McConkey et al. (2007) calculates
the amount of carbon (g m−2 y−1) sequestered/emitted from a change
between annual and perennial crops:

ΔC lumC k y k y= × −( )− × −( ) − ×
max exp exp1 (7)

where lumCmax is the maximum C produced from converting annual
to perennial cropland for a specific geographic region and soil texture,
k is a rate constant for converting annual to perennial cropland for
a specific geographic region and soil texture, and y is the number
of years since the management change has taken place (assumed
to be one). For the geographic location and soil texture of our simu-
lated farm, these coefficients take the value of 3691 g C m−2, and
−0.0241 respectively (McConkey et al., 2007).

From Equation (7), the calculated level of CO2 sequestered from
changing the level of perennial crops on the farm is 3248.1 kg
CO2eq ha−1 y−1. Net annual CO2eq emissions from land use change
on the farm are dependent on changes in the relative allocation of
land between perennials and annuals. If land allocated to peren-
nials increases (decreases), this value enters the GHG accounting
system as a negative (positive), to reflect whether C stores in soil
are increasing or decreasing.

2.3.5. Carbon dioxide from energy consumption
Cropping decisions on the farm influence GHG emissions asso-

ciated with energy use. More specifically, variation in the use of crop
inputs (fertilizers and herbicides), fossil fuel consumption from basic
farm field world and manure spreading, and lastly emissions from
electricity consumed during milking are accounted for. Note milking
related emissions do not change within the model but are in-
cluded to compare GHG emissions with the empirical literature.

The total amount of synthetic N and P fertilizer purchased by
the farm are multiplied by 3.59 kg CO2 kg N−1 and 0.569 kg CO2 kg
P2O5 to convert kg of fertilizer used to the corresponding CO2 emis-
sions required for manufacturing (Nagy, 2000). Energy requirements
to produce herbicide in GJ ha−1, based on the amount applied on each
crop, are 0.12 for corn, 0.12 for soybeans, 0.24 for wheat, and 0 for
alfalfa (Dyer and Desjardins, 2007). After the total amount of energy
required for producing herbicide for the farm is obtained, a con-
version factor of 5.8 kg CO2 GJ−1 is used to calculate CO2 emissions
associated with production.

CO2 emissions from farm field work are estimated using values
from Dyer and Desjardins (2007) on the total amount of machine
energy consumption required to manage specific types of crops.
These values in GJ ha−1 of 3.29 for corn, 1.72 for soybeans, 1.34 for
wheat, and 0.81 for alfalfa are multiplied by a conversion factor of
70 kg CO2 GJ−1 to calculate total CO2 emissions associated with
meeting these energy requirements from diesel powered farm
machinery.

CO2 emissions from spreading manure on the field are esti-
mated with the assumption that the energy required to spread 1000
l of manure is 0.0248 GJ (Little et al., 2008). A conversion factor of
70 kg CO2 GJ−1 is used to convert energy consumption to the cor-
responding CO2 emissions using diesel-powered machinery (National
Inventory Report, 2010). The result is an estimate of 1.736 kg of CO2

emissions per 1000 l of manure spread so total emissions will vary
with the amount of manure applied which varies with the level of
feed intake of the animals. Similarly, an annual total farm value of
19,360 kg of CO2 emissions related to milking was obtained by con-
verting annual electricity required per milking cow of 968 kWh
(Vergé et al., 2007) by a conversion factor of 0.2 kg CO2 kWh−1

(National Inventory Report, 2010). Together, these four categories
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(input use, farm field work, manure spreading, and electricity from
milking) represent the major categories of energy associated GHGs
within our model.

2.3.6. Emissions from feed production upstream from the farm
Changes in feed purchases have implications for GHG emis-

sions related to feed production occurring upstream from the farm.
Estimates of emission intensity of the most common livestock feeds
are obtained from Adom et al. (2012) and Government of Manitoba
(2014) (see last column of Table 1). These estimates include all emis-
sions from both primary productions, including agricultural soils,
energy consumption from fossil fuels and input manufacturing, as
well as processing. These emission coefficients (kg CO2 Mg−1 of feed)
are multiplied by the amount of each feed used in the ration to cal-
culate total emissions related to feed production upstream from the
farm.

3. Results

3.1. Base model and validation

The objective of the base model is to maximize annual net farm
returns without any constraint on GHG emissions. The maximum
annual return to the producer is $539,930 (see Table 2), which is
consistent with average returns of $414,000 year−1 for large dairy-
crop enterprises in Ontario (DFO, 2012). In the profit maximizing
solution, the farm purchases a total of 305 Mg year−1 in feed, con-
sisting of corn grain, gluten feed, and vegetable oil. Of the 150 ha
owned by the farm, 75% is allocated to growing corn silage, with
lesser amounts allocated to soybeans, and wheat, and no land al-
located to alfalfa.

The rations chosen in the base model are consistent with Ontario
ration formulations as provided by Jayasundara and Wagner-Riddle
(2014); heifers have rations consisting of 14.3% grains and soybean
meal, 19.6% corn silage, and 66.1% grass-legume and other rough-
ages, while cows have rations consisting of 41.3% total grains and
soybean meal, 21.8% corn silage, and 30.8% grass-legume and other
roughages, and 6.1% supplements. The base rations for all three
cohorts have a higher intake of corn silage than do typical Ontario
rations, and a lower intake of perennial forages. The cow rations in
the base model have concentrate to roughage ratios of 40:60, which
corresponds to values of 47:53 estimated by Jayasundara and
Wagner-Riddle (2014). The heifer rations have concentrate to forage
ratios of 30:70, which compares with typical Ontario heifer rations
of 15:85 (Jayasundara and Wagner-Riddle, 2014). The decomposi-
tion of the ration’s nutrient properties is listed in the top half of
Table 3 for cows and heifers in the province of Ontario as esti-
mated by Jayasundara and Wagner-Riddle (2014), as well as those
of the model. The cow rations correspond closely to typical Ontario
rations in digestibility (TDN), GEI, DMI, ADF, and NDF. The CP intake
is slightly lower, due to the low protein content of corn silage com-
pared with perennial forages, which is the sole roughage feed for
the cows, and makes up a large fraction of the heifer ration rela-
tive to Ontario values.

Total GHGs emission associated with the profit-maximizing
system is 786,940 kg CO2eq year−1 (see Table 2). This total trans-
lates into an emission intensity of 0.945 kg CO2eq kg−1 FPCM, which
is consistent with the estimated provincial average of 1.03 kg
CO2eq kg−1 FPCM, and falls within the estimated provincial range
of 0.89–1.36 kg CO2eq kg−1 FPCM (Jayasundara and Wagner-Riddle,
2014). The emissions are decomposed in the lower half of Table 3
and compared with emissions intensity estimates for the Ontario

Table 2
Net returns and variable choices for base model and GHG restricted models.

Variable Base GHG restrictions

5% 10% 20% 30% 35%

Net returns $539,930 $536,030 $515,550 $473,660 $431,320 $409,270
% Decline – 0.7 5.5 12.2 20.0 24.2
GHG emissions (kg CO2eq year−1) 786,940 747,590 708,250 629,552 550,858 511,900
Land allocation (%)

Corn – silagea 75% 75% 69% 50% 33% 23%
Wheat 15 10% 10% 10% 10% 10%
Soybeans 10% 10% 10% 10% 10% 10%
Alfalfa – 5% 11% 39% 47% 57%

Feed purchased (Mg year−1)
Corn grain 177 252 256 273 290 295
Gluten feed 104 23 18 9 – –
Vegetable oil 24 24 24 25 25 26

Ration choice (% DMI)
Heifers

Corn – grain 23.4 23.0 21.9 21.7 21.6 21.6
Corn – silage 70.0 60.9 30.0 23.1 21.1 21.1
Alfalfa – 10.1 44.5 52.2 54.3 54.3
Gluten 3.6 3.0 0.6 – – –
Vegetable oil 3.0 3.0 3.0 3.0 3.0 3.0

1st parity cows
Corn – grain 22.0 34.0 34.3 35.8 37.0 37.0
Corn – silage 60.0 60.0 55.7 35.8 15.7 5.4
Alfalfa – – 4.3 24.2 44.3 54.6
Gluten 15.0 3.0 2.7 1.2 – –
Vegetable oil 3.0 3.0 3.0 3.0 3.0 3.0

2nd parity cows
Corn – grain 22.0 34.0 34.3 35.8 37.0 37.0
Corn – silage 60.0 60.0 55.7 35.8 15.7 5.4
Alfalfa – – 4.3 24.2 44.3 54.6
Gluten 15.0 3.0 2.7 1.2 – –
Vegetable oil 3.0 3.0 3.0 3.0 3.0 3.0

a Corn silage produced on the farm is both used as feed and sold.
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dairy sector as a whole. The estimates for enteric fermentation and
manure methane from Jayasundara and Wagner-Riddle (2014) cor-
respond very closely to the values in the base scenario of the model.
Manure N2O is lower, as the lower protein intake leads to lower N

excretion in manure. Total emissions related to crop production in
the model are 0.261 kg CO2eq kg−1 FPCM, which is calculated as the
sum of farm soil emissions and upstream emissions associated
with feed production. In Ontario, estimated emissions from agri-
cultural soils are 0.247 kg CO2eq kg−1 FPCM (Jayasundara and
Wagner-Riddle, 2014), indicating that the emissions estimates for
crop production in the model are also close to provincial projections.

The consistency of the results of the base model with empiri-
cal data on the Ontario dairy sector suggests that the model
accurately depicts the conditions in the sector. The difference in
ration nutrient properties can be attributed to the higher intake of
corn silage, and low intake of perennial forages relative to actual
Ontario rations. This is due to the lower production cost of corn silage
relative to alfalfa. This leads to rations with lower protein intake
relative to current Ontario rations, which also causes the estimate
of manure N2O to take a significantly lower value than the esti-
mate provided by Jayasundara and Wagner-Riddle (2014).

3.2. GHG restricted model

GHG levels are restricted to 95, 90, 80, 70 and 65% (the maximum
restriction level) of baseline and the farm is assumed to maximize
returns subject to the additional constraint on GHG emissions. Re-
ducing emissions below 65% cannot be met through a modification
of the ration and requires a reduction in the number of cows. Re-
ducing emissions by 35% results in a decline in farm returns of 24.2%
(see Table 2). There is no land allocated to alfalfa in the base model
and all of the roughage is supplied solely by corn silage. However,
the emission reductions are achieved by increasing the area planted
to alfalfa until it makes up 57% of the total land base in the 35% GHG
reduction scenario. Meanwhile, the area of corn silage drops from
three-quarters of the area planted to 17%.

Rations under GHG restrictions have a higher intake of alfalfa,
which makes up over 90% of the roughage intake for the cows, and
nearly three quarters of the roughage intake for the heifers (see
Table 4). Gluten feed declines to zero and grain corn becomes the
primary concentrate feed. The concentrate to roughage fractions for
the cows remain constant at 40:60, while that of the heifers decline
from 30:70 to 25:75. Corn grain and vegetable oil make up the entire
concentrate fraction of the rations.

Table 3
Comparison of estimates from Jayasundara and Wagner-Riddle (2014) and base model
for ration nutrient properties and GHG emissions by source.

Parameter Jayasundara
and
Wagner-Riddle

Base
model

Percent
deviation

Ration nutrient properties
2nd parity cows DMI

(kg hd−1 d−1)
20.5 18.80 8.3

TDN (%) 73.9 76.62 −3.5
GEI
(MJ hd−1 d−1)

378.2 331.82 14.0

CP (%) 17.2 10.9 57.8
ADF (%) 21.1 19.4 8.8
NDF (%) 36.5 34.4 6.1

Heifers a DMI
(kg hd−1 d−1)

9.5 7.6 25.0

TDN (%) 65.1 76.2 −11.1
GEI
(MJ hd−1 d−1)

175.3 134.6 30.2

CP (%) 14.8 9.2 60.9
ADF (%) 31.9 20.8 53.4
NDF (%) 49.8 35.0 42.3

GHG emission source (kg CO2eq kg−1 FPCM)
Enteric

fermentation
CH4 0.471 0.454 3.7

Manure CH4 0.134 0.167 −19.8
Manure N2O 0.053 0.023 130
Farm soils N2O 0.247 0.261b −5.4
Land use changec C – – –
Energy – total CO2eq 0.121 0.139 −12.9
Purchased feed CO2eq – 0.145 –
Net cradle-to-farm

gate
CO2eq 1.03 0.945 8.0

a Heifer cohort is a general category including both young (non-bred) and mature
(bred) heifers. Values reported in Jayasundara and Wagner-Riddle (2014) are for
mature (greater than one year) heifers, thus explaining some of the variation in the
data.

b Value provided is the sum of purchased feed and farm soils, to solve the problem
of how the model parses GHGs into their different sources.

c Emissions from land use change are not included in the base model, as this emis-
sions category is dependent on changes in land use for a specific land base in a specific
time frame.

Table 4
Ration nutrient properties.

Scenario DMI
(kg hd−1 day−1)

Total digestible nutrients
(%)

Gross energy intake
(kg hd−1 day−1)

Crude protein intake
(%)

ADF intake
(%)

NDF intake
(%)

Heifers
Base 7.64 76.20 134.55 9.2 20.8 35.0
5% Restricted 7.79 74.93 137.83 10.5 21.7 35.0
10% Restricted 8.37 70.46 150.64 15.0 23.4 35.0
20% Restricted 8.51 69.48 153.83 16.0 25.6 35.0
30% Restricted 8.55 69.19 154.79 16.3 25.7 35.0
35% Restricted 8.55 69.19 154.79 16.3 25.7 35.0

1st parity cows
Base 17.20 76.62 303.48 10.9 19.4 34.4
5% Restricted 16.89 77.93 297.02 9.2 18.3 31.3
10% Restricted 17.00 77.44 299.40 9.8 18.6 31.1
20% Restricted 17.55 75.18 310.94 12.3 19.9 30.4
30% Restricted 18.14 72.89 323.75 15.0 21.2 29.7
35% Restricted 18.47 71.66 331.12 16.4 22.0 29.5

2nd parity cows
Base 18.80 76.62 331.82 10.9 19.4 34.4
5% Restricted 18.47 77.93 324.77 9.2 18.3 31.3
10% Restricted 18.59 77.44 327.36 9.8 18.6 31.1
20% Restricted 19.19 75.18 339.99 12.3 19.9 30.4
30% Restricted 19.83 72.89 353.98 15.0 21.2 29.7
35% Restricted 20.20 71.66 362.05 16.4 22.0 29.5

Source: Model output.
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The changing intake of feeds affects the nutrient properties of
all three rations in a similar manner (see Table 4). For all three
cohorts of cattle, the digestibility of the ration (TDN) declines, due
to the higher intake of alfalfa hay, which has a lower TDN value com-
pared with corn silage (58.8% as opposed to 68.9% for corn silage;
NRC, 2001). The GEI and DMI of all three rations increase, as the
lower intake of digestible nutrients require a higher total caloric
intake and a higher DMI to meet the energy requirements of the
animal. The increase in crude protein can also be attributed to the
higher intake of alfalfa hay, due to its higher content of CP.

The large increase in production of alfalfa at the expense of corn
silage leads to a large flux of C (accounted for in CO2eq) into farm
soils. The replacement of an annual, energy-intensive crop with a
perennial results in the negative change in emissions from farm soils
(Table 5). The magnitude of this change is nearly as large as the entire
reduction in GHG emissions, implying that the other emissions cat-
egories experience close to a net zero change. There is a decline in
enteric CH4, caused by the change in the source of roughage in the
ration. Enteric CH4 increases (decreases) with the ration’s NDF (ADF)
as indicated by Equation (1). Compared with corn silage, alfalfa hay
has a lower NDF content, and a higher ADF content implying that
the change in the roughage source leads to a decline in the esti-
mated level of enteric CH4. Both manure CH4 and N2O increase,
however, due to the increase in dry matter excretion caused by the
declining diet digestibility (TDN), and the increased N content of
the rations. The land re-allocation leads to a decline in emissions
from farm field work and the fertilizer and herbicide manufactur-
ing categories, as alfalfa requires less capital and chemical inputs
than corn silage does.

The effect of changes in the farming system to meet the emis-
sion reduction on net returns are given in the top part of Table 2
and illustrated in Fig. 3 by the marginal abatement cost (MAC) curve.
The initial stage of mitigation (up to 5% reduction) is due to the
replacement of gluten feed with grain corn in the rations. This change
does not involve changes in farmland allocation, but rather changes
in the quantities of feeds purchased. The associated change in ration

nutrient properties leads to a decline in CH4 from EF and CH4 and
N2O from manure, but has little impact on farm returns. However,
reducing emissions below 95% of the base level involves replacing
corn silage in the ration with alfalfa hay. During this stage (95–65%
of base emissions), net returns fall at a much quicker pace, as the
cost of growing alfalfa is approximately 6 times higher than that
of growing corn silage. The increase in feed production costs reduces
net returns (i.e. 20% decrease in net returns for a 35% decrease in
GHG emissions).

4. Discussion

Replacing corn silage with alfalfa hay as the primary roughage
component of dairy rations can lead to significant declines in GHG
emissions from milk production in Ontario. Due to the higher soil

Table 5
Greenhouse gas emissions in kg CO2eq for base model and GHG restricted models (% change from Base).b

Restricted simulations

GHG source Base 5% 10% 20% 30% 35%

Enteric fermentation (CH4) 377,790
(0.454)**

359,610
(−4.8%)

360,550
(−5.0%)

359,150
(−5.0%)

357,690
(−5.3%)

357,910
(−5.3%)

Manure (CH4) 139,140
(0.167)**

133,140
(−4.3%)

142,900
(2.7%)

158,500
(13.9%)

174,320
(25.3%)

183,100
(31.6%)

Manure (N2O) 19,275
(0.023)**

14,982
(−22.2%)

20,102
(4.3%)

29,090
(50.9%)

38,307
(98.7%)

43,474
(125.6%)

Farm soils (N2O) 14,257
(0.018)**

13,975
(−2.0%)

13,417
(−5.6%)

12,061
(−15.4%)

10,662
(−25.2%)

9935
(−30.3%)

Land use change (CO2) –
–

−8360
(–)

−56,076
(–)

−142,080
(–)

−228,690
(–)

−273,850
(–)

Energy – total (CO2eq) 116,020
(0.139)**

115,860
(−0.1%)

118,250
(2%)

91,469
(−21.2%)

73,705
(−36.5%)

64,444
(−44.5%)

Energy – field work (CO2eq) 30,025
(0.036)**

29,859
(−0.6%)

27,827
(−7.3%)

23,192
(−22.8%)

18,523
(−38.3%)

16,089
(−46.4%)

Energy – input manufacturing (CO2eq) 63,554
(0.076)*

63,586
–

58,789
(−7.5%)

45,707
(−28.1%)

32,533
(−48.8%)

25,664
(−59.6%)

Energy – milking (CO2eq) 19,360
(0.023)*

19,360
(0)

19,360
(0)

19,360
(0)

19,360
(0)

19,360
(0)

Energy – manure (CO2eq) 3081
(0.004)*

3056
(−0.8%)

3126
(1.5%)

3209
(4.2%)

3288
(3.8%)

3331
(8.1%)

Purchased feeda (CO2eq) 120,460
(0.145)*

118,380
(1.7%)

118,250
(-.8%)

121,360
(0.7%)

124,870
(3.6%)

126,890
(5.3%)

Net cradle-to-farm gate (CO2eq) 786,940
(0.945)*

747,590
(−5.0%)

708,250
(−10.0%)

629,550
(−20.0%)

550,860
(−30.0%)

511,900
(−35.0%)

* In kg CO2eq kg−1 FPCM.
a Farm soils refers only to soils on the modelled farm and does not include emissions from crop production upstream from the farm.
b Purchased feed includes emissions from primary production as well as processing.

Fig. 3. Marginal abatement cost curve. Source: Model output.
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organic matter of perennial forages (Guo and Gifford, 2002), this
change leads to the capture and storage of C in farm soils. Further-
more, production of alfalfa requires less farm fieldwork and chemical
(i.e. fertilizer) inputs, which leads to a 44.5% decline in emissions
from energy consumption. There is a small net increase in the sum
of GHG emissions from enteric fermentation and manure (live-
stock emissions) but the nutritional properties of the rations for the
base and GHG restricted models are similar. Thus, the changes in
farm practices to meet the GHG constraints are primarily associ-
ated with reduced emissions from the feed production stages, and
not from livestock themselves. However, the magnitude of emis-
sions reductions from land may be overestimated as perennial
forages are a common component for many dairy rations in Ontario
(Jayasundara and Wagner-Riddle, 2014). The estimates of the abate-
ment cost, and biophysical mitigation potential of our model
represent those of a farm going from a diet where the sole source
of roughage is corn silage, to one where corn silage intake is zero,
and only perennial forages make up the roughage fraction. This
implies that the extent of GHG mitigation obtainable, and the as-
sociated impact on farm profitability, is likely to have been over
estimated.

Our results suggest that feeding decisions have important im-
plications for GHG emissions from milk production due to the wide
variation in emissions for alternative crops that can be used in the
ration. This is a notable finding, as much of the work on cost ef-
fective GHG mitigation in the dairy sector focuses on how this
decision impacts enteric CH4 (e.g. Moraes et al., 2011). While our
model estimates a decline in enteric CH4 resulting from the change
in rations (5.3% from the original level), this decline makes up only
a small fraction of the total emissions reductions. Current feeding
regimens in Ontario have concentrate intakes at a high level (47.3%
for cow rations according to Jayasundara and Wagner-Riddle, 2014)
suggesting that there is little room for further reductions in enteric
CH4 through manipulation of the primary components of the diet
(i.e. concentrate to forage ratio) as concentrate intake is currently
close to its upper allowable value. Despite this, future research ac-
counting for the effect of specific dietary components not accounted
for in this study (e.g. fatty acids) on rumen methanogenesis may
prove fruitful (see for example, Cieslak et al., 2013).

Instead, our results for intensive dairy production systems suggest
that ration decisions can lead to large declines in GHGs due to its
effect on emissions from the feed production stage, and land use
change in particular. This finding is similar to those of other studies
on GHG mitigation in the North American agricultural sector. For
example, Beauchemin et al. (2011) found that reseeding cropland
with grass turned the modelled beef production system in Western
Canada from a net emitter to a net sink of GHGs. In a study assess-
ing various land management practices on GHG emissions, Desjardins
et al. (2005) find that conversion of cropland to grassland offered
the largest potential for GHG mitigation out of all the mitigation
strategies considered. Similarly, Dutreuil et al. (2014) found that in-
corporation of grazing for lactating cows on conventional dairy farms
in Wisconsin (the US Midwest) led to a 27.6% decline in total GHG
emissions, with a 29.3% increase in net farm returns. Together, these
studies, as well as ours, suggest that increasing C storage in land
through increasing reliance on perennial forages promises to be a
significant source of GHG mitigation within the dairy sector. Future
studies that seek to quantify these changes in a temporal context
may prove fruitful, as soil C stores are believed to peak after a few
decades, and the sequestration potential varies between regions
(Conant et al., 2001). Vellinga and Hoving (2011) perform a similar
analysis as ours in the context of the northern European dairy in-
dustry. Their results differ, however, in that they find replacing
grassland with maize has the net effect of reducing GHG emission
intensity from dairy production in the long term. Our results con-
tradict this finding for the Ontario context. This suggests that the

agro-ecological region being studied and the construction of the
modelling framework are likely key determinants of the relative im-
portance of land use for GHG mitigation.

Finally, the marginal abatement cost (MAC) curve provides an
indication of the incentive required to induce farmers to change prac-
tices to meet GHG targets (or alternatively the cost to the farmer
if the targets were imposed on the sector). While modest GHG re-
ductions can be achieved at low cost, achieving reductions greater
than 5% would have a large impact on farm returns. The MAC for
the first 5% of reductions is about $25 Mg−1 CO2eq, which falls well
within current C prices for jurisdictions with C taxes or permits
around the world (The Climate Group, 2013). For reductions beyond
the 5% level, the MAC is about $550 Mg−1 CO2eq, implying that re-
ducing emissions by this amount through a carbon tax or market
would not occur under current C prices. This suggests that while
intensive dairy production systems could contribute to policy efforts
to reduce GHG emissions largely through cropping decisions, there
may be more cost effective mitigation potential in other sectors.

5. Conclusions

This paper constructs an optimization model to determine how
rations can be chosen to attain GHG emission reductions from milk
production in intensive dairy production systems such as Ontario.
The model accounts for all sources of GHG emissions associated with
milk production, including enteric fermentation, manure, agricul-
tural soils, land use change, and energy consumption. Including land
use change as an emissions source is a notable feature of the model.
This feature distinguishes the study from other such studies in terms
of the design of the model and the system used for accounting for
GHGs, and is a critical component of the results and implications
of the study.

Reductions in GHG emissions are achieved by altering the rations
such that corn silage replaces alfalfa to become the primary rough-
age component of the ration, and grain corn replaces gluten feed
to become the primary concentrate component of the ration. These
changes result in large declines in emissions from feed produc-
tion, primarily due to the capture and storage of C in soils. While
the other emission categories change, the magnitude of the change
is small relative to the decline in emissions coming from land use
change.

These results have important implications for the way rations
are formulated in intensive dairy sectors relying on corn as a major
source of feed. In the province of Ontario, corn silage intake has been
rising in previous decades (Jayasundara and Wagner-Riddle, 2014),
and is a major source of roughage to dairy animals. This is the result
of genetic advances that have improved the relative energy effi-
ciency of silage compared with haylage. Replacing this crop with
high quality perennial forages may be a viable way for farms to
reduce GHG emissions in the event of future GHG policies, and regu-
lations that provide incentives for making this change may be a cost
effective means of mitigating GHG emissions from dairy produc-
tion. Despite this, there is a need to replicate these results. Conant
et al. (2001) estimate that average C storage capacity for soils in North
America is 0.58 Mg C ha−1, but there exists wide variation between
different climatic regions. Model design, and in particular the system
used to account for GHG emissions, is likely a key component of
the results.

The abatement costs estimated herein are dependent on the
rations chosen in the base model. Future studies aimed at estimat-
ing the cost of replacing corn silage with high quality perennial
forages as the principal roughage component of dairy rations will
help clarify the cost effectiveness of this mitigation strategy. These
studies may also benefit from a more sophisticated model to esti-
mate C uptake associated with perennial crops, and also to apply
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similar models in different geographic regions, given the impor-
tance of this sink in offsetting GHG emissions for the dairy sector.
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Appendix

A1. Calculating energy content of diets

The NEL value of the ration for each of the cow cohorts (Mcal kg−1)
is calculated using the following equation from NRC (2001):

NE TDNL = × −0 0245 0 12. .

where the ration’s TDN value (%) is calculated as the weighted
average of each feed’s individual value for TDN, which are ob-
tained from table 15-1 of NRC (2001). NEL is expressed in units of
Mcal hd−1 day−1 by multiplying by the level of intake (kg hd−1 day−1),
which converts a value per unit of feed to a value indicating the total
daily caloric intake of the animal.

The ME of the heifer ration is calculated by first estimating di-
gestible energy (DE) in Mcal kg−1 based on the ration’s digestibility
using the following from NRC (2001):

DE TDN= ×0 04409.

and then estimating ME in Mcal kg−1 through:

ME DE= × −1 01 0 45. .

ME and NEL were converted to daily units (Mcal hd−1 day−1) to
obtain energy intake for the herd.

A2. Animal energy requirements

Maintenance requirements (NEM) in Mcal hd−1 day−1 are based
on the animal’s average weight (kg hd−1) according to:

NE C Average WeightM f= × ( )0 75.

where Cf is the coefficient of maintenance and takes a value of 0.386
MJ hd−1 day−1 for cows and 0.322 MJ hd−1 day−1 for heifers (IPCC, 2006).
For milking cows, the energy requirement is the sum of NEM and
requirements for milk production (NEP), which according to NRC
(1989) is equal to:

NE Milk production Milk fat contentP = × + ×( )1 47 0 40. .

Milk production is the quantity of milk produced by the animal,
which corresponds with the annual values stated above in Section
2.1. Milk fat content is assumed to be 3.71% (DFO, 2012). The growth
requirements for heifers (NEG) are assumed to be equal to:

NE Average Weight C Final Weight ADGG d= × × ×( ) ×− −22 02 1 1 1 097. .

where Cd is the coefficient of gain and takes a value of 0.8
MJ hd−1 day−1 (NRC, 1996) and final weight is assumed to be 650 kg
hd−1.

A3. Calculating gross energy intake

Gross energy intake (GEI) is in MJ and is calculated based on the
digestibility of the ration (defined in Section 2.2) using the following

three equations from Gibbs and Johnson (1993). Ratio of net energy
available in the diet for maintenance to digestible energy (REM)
consumed is calculate using:

REM TDN
TDN TDN

= − ×( )
+ ×( ) − ×( )−
1 123 0 004092

0 00001126 25 42 1

. .
. .

The ratio of energy available in the diet for gain to digestible
energy consumed (REG) is given by:

REG TDN
TDN TDN

= − ×( )
+ ×( ) − ×( )−
1 164 0 005160

0 00001308 37 42 1

. .
. .

Next, gross energy intake of the animal (MJ hd−1 day−1) is calcu-
lated according to the following equation, where NEM, NEG, and NEP

are from equations in Section 7.2:

GEI NE NE REM NE REG TDNM P G= +( ) ×( ) + ×( )( ) × ×( )− − −1 1 1100

A4. Calculating protein retained by the animal

Protein retained for lactation (kg hd−1 day−1) is estimated using
the following equation from IPCC (2006):

PR Milk Yield Milk ProteinL = ×

where milk yield (kg hd−1 day−1) is based on productivity assump-
tions given by cow parity as discussed in Section 2.1, and milk protein
is assumed to be 0.035 kg kg−1 (DFO, 2012). Protein retained for
growth (kg hd−1 day−1) is calculated according to the following equa-
tion from NRC (2000):

PR ADG RE ADGG = × − ( )((268 29 4 1000.

where ADG is average daily gain in kg hd−1 given in Section 2.1, and
RE is retained energy in Mcal hd−1 day−1. RE is estimated as:

RE EBW EBG= × ×0 0635 0 75 1 097. . .

where EBW is empty body weight and is equal to 0.891 × Average
Weight, and EBG is empty body gain, which is calculated as
0.956 × Average Daily Gain.
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